Abstract This paper uses a state-of-the-art general circulation model to study the impacts of the stratospheric ozone depletion from 1980 to 2000 and the expected partial ozone recovery from 2000 to 2020 on the propagation of planetary waves in December, January, and February. In the Southern Hemisphere (SH), the stratospheric ozone depletion leads to a cooler and stronger Antarctic stratosphere, while the stratospheric ozone recovery has the opposite effects. In the Northern Hemisphere (NH), the impacts of the stratospheric ozone depletion on polar stratospheric temperature are not opposite to that of the stratospheric ozone recovery; i.e., the stratospheric ozone depletion causes a weak cooling and the stratospheric ozone recovery causes a statistically significant cooling. The stratospheric ozone depletion leads to a weakening of the Arctic polar vortex, while the stratospheric ozone recovery leads to a strengthening of the Arctic polar vortex. The cooling of the Arctic polar vortex is found to be dynamically induced via modulating the planetary wave activity by stratospheric ozone increases. Particularly interesting is that stratospheric ozone changes have opposite effects on the stationary and transient wave fluxes in the NH stratosphere. The analysis of the wave refractive index and Eliassen-Palm flux in the NH indicates (1) that the wave refraction in the stratosphere cannot fully explain wave flux changes in the Arctic stratosphere and (2) that stratospheric ozone changes can cause changes in wave propagation in the northern midlatitude troposphere which in turn affect wave fluxes in the NH stratosphere. In the SH, the radiative cooling (warming) caused by stratospheric ozone depletion (recovery) produces a larger (smaller) meridional temperature gradient in the midlatitude upper troposphere, accompanied by larger (smaller) zonal wind vertical shear and larger (smaller) vertical gradients of buoyancy frequency. Hence, there are more (fewer) transient waves propagating into the stratosphere. The dynamical warming (cooling) caused by stratospheric ozone decreases (increases) partly offsets their radiative cooling (warming).
Introduction
Over the last decades of the 20th century, the globally averaged total ozone column exhibited a negative trend from the late 1970s to late 1990s [Solomon, 1999] and a weak increasing trend afterwards, consistent with the observed decline of ozone-depleting substances that peaked in the middle 1990s [Weatherhead and Andersen, 2006; WMO, 2007] . Coupled chemistry-climate model (CCM) simulations have shown that stratospheric ozone will recover to pre-1980 levels around 2050 and may exceed pre-1980 levels during this century [Weatherhead and Andersen, 2006; WMO, 2011] . The stratospheric ozone, a radiatively and chemically active greenhouse gas (GHG), not only can influence human health via changing ultraviolet transmission [e.g., Chipperfield et al., 2015] but also have important impacts on climate through its radiative-chemical-dynamical feedbacks.
Earlier studies such as Ramanathan and Dickinson [1979] showed that a decrease in stratospheric ozone can cause a cooling in the stratosphere and a warming in the troposphere. Some studies further revealed that the global-mean lower stratosphere (LS) cooling trend during [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] is mainly caused by the depletion of stratospheric ozone. And this LS cooling is due to the local shortwave heating rate decreases in response to the stratospheric ozone depletion [Ramaswamy et al., 2001] . However, Thompson and Solomon [2009] found that the temporal features of the global-mean LS cooling during the latter part of the 20th century are related not only to the stratospheric ozone depletion but also to several other processes such as transient warming due to aerosols and the adiabatic cooling from the increased large scale upwelling. Fu et al. [2010] even argued that the seasonal dependence of observed lower stratospheric temperature trends in the tropics is largely driven by the changes in the Brewer-Dobson circulation (BDC), which is closely related to changes in wave activities in the HU ET AL.
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stratosphere. Some other studies also provided sufficient evidence that stratospheric temperature responses to ozone depletion are not only controlled by the radiative processes but are also affected by radiative-dynamical feedbacks [e.g., Coy et al., 1997; Newman et al., 2001; Eyring et al., 2007] . Hu and Tung [2003] showed that the vertical wave flux in the Northern Hemisphere (NH) high-latitudes has been reduced by about 10% since 1979 due to radiative-dynamical feedbacks associated with stratospheric ozone depletion.
Some recent studies have investigated the possible mechanisms for the interaction between stratospheric ozone changes and planetary wave activities. By analyzing an ozone-modified refractive index (RI) using a mechanistic model, Nathan and Cordero [2007] showed that the ozone changes influence stratospheric waves mainly in two ways, one is via ozone-induced changes in the zonal-mean wind and temperature fields and the other is via wave-induced ozone heating. Some modeling studies showed that the ozone changes can modulate the vertical propagation and dissipation of planetary waves in the subtropical upper troposphere and lower stratosphere (UTLS) and change the strength of BDC [e.g., Garcia and Randel, 2008; Calvo and Garcia, 2009] . However, McLandress and Shepherd [2009] argued that ozone changes may also modulate wave generation in the troposphere. Some studies suggested that the ozone changes and temperature changes in the polar LS overall undergo a positive dynamical feedback [e.g., Coy et al., 1997; Newman et al., 2001; Hu and Tung, 2003 ]; e.g., the radiative cooling from reduced ozone produces a strengthened polar vortex, a decrease in upward planetary waves, and a decrease in polar downwelling, hence even less lower latitude to high-latitude ozone transport [e.g., Weber et al., 2003; Dhomse et al., 2006] . However, a negative dynamical feedback in the upper stratosphere was proposed by , who pointed out that the dynamical feedbacks cause an increase in the amplitude of the stationary planetary waves when they pass through the ozone loss region and hence a stronger downwelling and a weak polar vortex in the upper stratosphere. Manzini et al. [2003] also proposed a negative dynamical feedback in which the ozone depletion will cause an increase in the gravity wave drag and hence a weaker polar vortex due to the increased downwelling in the upper stratosphere. It is apparent that the feedbacks involving ozone changes and waves in the polar stratosphere are height dependent.
Although the abovementioned studies highlighted the importance of stratospheric ozone changes in influencing wave activities in the stratosphere, how the ozone changes modulate the planetary wave propagation from the troposphere to stratosphere is still under wide debate and whether and how, if any, stratospheric ozone changes modulating the wave generation in the troposphere remain unclear [WMO, 2011] .
Some recent studies have shown that the ozone depletion from the late 1970s to late 1990s might have caused substantial climate changes in the troposphere; e.g., the Antarctic ozone depletion leads to a substantial poleward shift of the midlatitude jet in the Southern Hemisphere (SH) summer [e.g., Thompson et al., 2011] , resulting in a widening of the Hadley cell [e.g., Son et al., 2010] . The widening of the Hadley cell results in a poleward extension of the subtropical dry zones [e.g., Polvani et al., 2011] and an increase in summer precipitation in the SH subtropics [Kang et al., 2011] . Given the fact that stratospheric ozone depletion can cause climate changes both in the stratosphere and in the troposphere, it is worthwhile to further investigate the impact of stratospheric ozone changes on planetary wave propagation from the troposphere to stratosphere.
And as widely expected that stratospheric ozone will recover to pre-1980 levels around 2050, one may wonder whether ozone recovery will cause opposite impacts on planetary wave propagation to that of ozone depletion. Some previous studies have probed the impact of the ozone recovery on future climate, but uncertainties remain. Bekki et al. [2013] estimated the radiative forcing of ozone in 2100 from multimodel simulations and obtained a rather small value of 0.06 W m -2
, while Perlwitz et al. [2008] indicated that the modeled climate response to ozone recovery is almost opposite to that of ozone depletion between 1970 and 2000. It is known that stratospheric ozone changes and their climate responses are not uniform either in space or in time [Forster et al., 2007; WMO, 2011; Cionni et al., 2011; Hassler et al., 2012] . The impacts of stratospheric ozone changes on the climate, particularly the wave propagation, in different time periods and in different regions of the atmosphere are still not well understood.
Using a CCM, we reexamined the impacts of the stratospheric ozone depletion from 1980 to 2000 and the potential recovery from 2000 to 2020 on the stratospheric climate, focusing mainly on wave propagation in the stratosphere. As wave activity in the NH is most pronounced in December, January, and February (DJF), and the seasonal dependence of the response of the stratospheric circulation to ozone changes has been already discussed by Li et al. [2008] , this study is confined to the boreal winter season. The paper is Journal of Geophysical Research: Atmospheres 10.1002/2014JD022855 organized as follows: the model and numerical experiments are described in section 2, and the impacts of ozone changes on stratospheric temperature, circulation, wave flux, and wave propagation are analyzed in section 3. The conclusions and discussion are given in section 4.
Model and Simulations
The numerical model used in this study is the Whole Atmosphere Community Climate Model, version 3 (WACCM3). The WACCM model has been shown to perform well in simulating various stratospheric processes including atmospheric chemistry processes [e.g., SPARC CCMVal, 2010; Eyring et al., 2005] . The model has 66 vertical levels from the ground to 5.96 × 10 -6 hPa (approximately 145 km geometric altitude) and can be run at two standard horizontal resolutions: 1.9°× 2.5°and 4°× 5°(latitude × longitude). In this study, four time-slice simulations were performed at the resolution of 1.9°× 2.5°with interactive chemistry processes switched off (see Table 1 ). All simulations were run for 56 years, with the first 4 years of model outputs excluded to account for model spin-up. -1983 (1980Clim), 1998 -2002 (2000Clim), and 2018 -2022 . These three ozone climatologies were then used in different time-slice simulations as listed in Table 1 . Figure 1a shows the zonal-mean DJF mean percentage differences of the Stratospheric Aerosol and Gas Experiment II (SAGE II) ozone climatologies [Randel and Wu, 2007] between the time periods 1979-1983 Fixed 1980 1975 -1984 1978 -1982 OZONE2000 Fixed 1980 1975 -1984 1998 -2002 REF2000 Fixed 2000 1995 -2004 1998 -2002 OZONE2020 Fixed 2000 1995 -2004 2018 -2022 Figure 1b . There is a small ozone decrease in the tropical LS for the period 2018-2022 relative to that for the period 1998-2002. Previous studies have attributed this decrease to stronger tropical upwelling in the future warming climate, which brings ozone-poor air from the troposphere into the tropical LS [Eyring et al., 2007; WMO, 2011; Bekki et al., 2013] .
REF1980
Using the three ozone climatologies described above, four experiments, denoted REF1980, OZONE2000, REF2000, and OZONE2020, were designed to investigate the temperature, circulation, and wave propagation responses to the ozone depletion and recovery signals shown in Figures 1b and 1c . Detailed configurations of SST, GHG values, and ozone climatologies for these four experiments are listed in Table 1 . We use runs OZONE2000 and REF1980 to diagnose the effects of the stratospheric ozone depletion on wave propagation, and runs OZONE2020 and REF2000 to clarify the response of wave propagation to the future stratospheric ozone recovery. Hereafter, ozone changes between 2000 and 1980, and between 2020 and 2000 are referred as the stratospheric ozone depletion and recovery, respectively.
Results

Temperature and Circulation Responses
Before analyzing the impact of stratospheric ozone changes on wave propagation, it is necessary to first examine the circulation and temperature changes between the different time periods. Figures 2a and 2b show the DJF zonal-mean temperature and zonal wind differences between the time periods 1998-2002 and 1979-1983 derived from the MERRA [Modern-Era Retrospective analysis for Research and Applications] reanalysis data. The corresponding differences between WACCM simulations REF2000 and REF1980 are shown in Figures 2c and 2d for comparison. The modeled circulation and temperature changes between runs REF2000 and REF1980 agree with those seen in the reanalysis data. As expected, the stratospheric ozone depletion and GHG increases cool most of the stratosphere except in the Antarctic middle stratosphere and Arctic LS, where warming occurs due to the ozone increase shown in Figure 1 . Compared to the reanalysis results, the NH temperature and zonal wind changes in our model are underestimated, possibly due to the absence of interactive chemistry in our model simulations. Both the model results and MERRA reanalysis results show that the ozone depletion and GHG increases cause a strengthening of zonal wind at the southern mid-high latitudes and northern midlatitudes but a weakening of zonal wind in the northern high-latitudes, which are consistent with the results in previous studies [e.g., Oberländer et al., 2013; Bunzel and Schmidt, 2013] .
The temperature and zonal wind differences in Figure 2 are caused by both ozone depletion and GHG changes. The temperature and zonal wind responses to the ozone depletion (recovery) alone can be inferred from runs OZONE2000 and REF1980 (runs OZONE2020 and REF2000). Figure 3 shows the DJF zonal-mean temperature and zonal wind differences between runs OZONE2000 and REF1980, and between runs OZONE2020 and REF2000. Similar to Figure 2 , the stratospheric ozone depletion cools the stratosphere, with the strongest cooling in the Antarctic LS, while the stratospheric ozone recovery warms most of the stratosphere, with the strongest warming occurring in the upper stratosphere and in the Antarctic LS (Figures 3a and 3b ). In the Antarctic stratosphere above 30 hPa, there are positive ozone changes between time periods 1998-2002 and 1979-1983, but The contour intervals are 1 K for temperature differences and 1 m s À1 for zonal wind differences.
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OZONE2000 and REF1980, but negative between runs OZONE2020 and REF2000. The temperature differences in the Arctic stratosphere caused by stratospheric ozone depletion are statistically insignificant (Figure 3a ), but a statistically significant weak weakening of the northern polar vortex is evident. In contrast, the ozone recovery causes a statistically significant cooling and strengthening of the Arctic polar vortex. A comparison between Figures 2c and 2d and Figures 3a and 3c reveals that the effects of stratospheric ozone depletion on the polar stratospheric temperatures and zonal wind are partly offset by the corresponding effects of GHG increases.
The effect of ozone changes on stratospheric temperatures involves both radiative and dynamical processes. It is worthwhile to separate radiative and dynamical effects caused by stratospheric ozone changes in modulating stratospheric temperatures. Figure 4 shows the differences of the temperature tendency due to the dynamical effects caused by stratospheric ozone depletion and recovery. This dynamical heating is estimated from the first three terms of the right-hand side of the zonal-mean thermodynamic equation (1) in transformed Eulerian-mean coordinates [Andrews et al., 1987] .
Here T is the zonally averaged temperature, v*; w* ð Þare the components of the residual meridional circulation, S is a stability parameter,
are the eddy-forcing terms, and Q is the zonal-mean diabatic heating. From Figure 4 , the temperature tendency associated with dynamical processes is marked by a cooling in the lower latitude stratosphere and a warming in the high-latitude stratosphere. The stratospheric ozone depletion tends to warm the Antarctic stratosphere via dynamical processes (Figure 4a ), and the stratospheric ozone recovery has the opposite dynamical effect on the Antarctic stratosphere ( Figure 4b ). Comparing Figure 4 with Figures 3a and 3b, we can see that the dynamical effect induced by stratospheric ozone changes causes significant temperature changes in the Antarctic stratosphere. In the NH, the dynamical effects of the stratospheric ozone depletion cause a cooling in the Arctic upper stratosphere (Figure 4a ), while the stratospheric ozone recovery leads to a dynamical cooling in the Arctic LS.
The dynamical heating rates are closely related to the BDC, which represents the adiabatic heating terms in equation (1). Therefore, we further examine the changes of BDC caused by the stratospheric ozone changes. The BDC changes can be interpreted from changes in the tropical upwelling and extratropical downwelling. Figure 5 shows the tropical upward mass flux (averaged over the latitude band from 37°S to 27°N where the vertical residual velocity ω Ã points upward) and extratropical downward mass flux (averaged over the latitude bands 37-90°S and 27-90°N) changes. The residual mean mass flux F m is defined as F m = 2πaψ/g following Austin et al. [2003] , with ψ being the residual stream function given by ∂ψ ∂ϕ ¼ À a cos ϕω*, ∂ψ ∂p ¼ cos ϕv*, where v* and w* are the velocity components of the BDC defined in Edmon et al. [1980 Edmon et al. [ , 1981 . The upward mass flux in the boreal winter significantly increases throughout the whole tropical stratosphere when stratospheric ozone decreases, accompanied by significant increases in downward mass flux in the SH extratropical Figure 4 . The differences of the DJF mean temperature tendency (color-filled contours) due to the dynamical effects at 300-1 hPa between runs (a) OZONE2000 and REF1980, and (b) OZONE2020 and REF2000. The solid and dashed lines represent the positive and negative contours of the 52 year mean temperature tendency in DJF in runs (a) REF1980 and (b) REF2000, respectively. The contour interval for the temperature tendency is 0.05 K yr À1 .
Stippled regions are for the differences significant at the 90% level.
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stratosphere but insignificant changes in the NH extratropical stratosphere. The weak increases in downward mass flux in the NH extratropical stratosphere are possibly due to the offset effects of transient waves and stationary waves, which will be discussed in section 3.2. The stratospheric ozone recovery leads to a decrease in tropical upward mass flux in the stratosphere, accompanied by a significant decrease in downward mass flux in the NH extratropical stratosphere and a rather small decrease in downward mass flux in the SH extratropical stratosphere. also showed that the ozone recovery tends to weaken the northern downwelling in the middle to upper stratosphere, and they attributed this weakening to the decreased planetary wave amplitude in the LS in response to the ozone recovery. The significant decrease in the downward mass flux in the NH extratropical stratosphere also implies that the mean age of air in the NH stratosphere tends to become older when stratospheric ozone increases. The BDC changes in Figure 5 are consistent with the dynamical heating responses to stratospheric ozone changes in Figure 4 ; i.e., the larger BDC changes in the SH are accompanied by the larger dynamical heating changes.
As the 100 hPa eddy heat flux v ' θ ' can well represent wave energy propagating into the stratosphere [e.g., Newman et al., 2001; Eyring et al., 2005] , Table 2 summarizes the DJF mean differences in 50 hPa polar cap temperature (averaged over the latitude bands 65-90°S and 65-90°N), the 100 hPa eddy heat flux v ' θ ' , and Figure 5 . DJF mean differences in (a) the tropical upward mass fluxes and (b) the extratropical downward mass fluxes in the NH and the SH (c) between runs OZONE2000 and REF1980 (red lines), and between runs OZONE2020 and REF2000 (blue lines). The bars represent that the differences are statistically significant at the 95% level. the 100 hPa wave stress (averaged over 60-80°S and 60-80°N) between runs OZONE2000 and REF1980 [representing ozone depletion( OD)], and between runs OZONE2020 and REF2000 [representing ozone recovery( OR)]. The stratospheric ozone depletion causes a cooling of the southern polar cap at 50 hPa by 4.37 K, accompanied by an increase in the 100 hPa eddy heat flux of 0.38 K m s -1 at southern high-latitudes.
And the stratospheric ozone recovery causes a warming of the southern polar cap at 50 hPa by 1.64 K, accompanied by a decrease in the 100 hPa eddy heat flux of 0.41 K m s -1 at southern high-latitudes. The results here confirm that the stratospheric ozone depletion leads to a dynamical warming in the southern polar stratosphere, as is also evident in Figure 4a . The stratospheric ozone recovery results in a warming of the Antarctic LS, accompanied by a decrease in dynamical warming induced by the decreased eddy heat flux at 100 hPa. It is apparent that the radiative cooling in the southern polar stratosphere caused by the stratospheric ozone depletion is partly offset by the dynamical warming induced by the stratospheric ozone depletion. Manzini et al. [2003] and also showed that the cooling in LS temperatures in the high-latitudes caused by the ozone depletion and increased GHG abundances can be partly offset by the adiabatic warming caused by the increase in planetary and gravity wave-driven residual circulation downwelling. The increase in the wave stress in the southern polar stratosphere caused by the stratospheric ozone depletion is consistent with the strengthening of zonal-mean zonal winds in the Antarctic shown in Figure 3 . In the NH, the stratospheric ozone depletion causes no significant changes in the polar cap temperature at 50 hPa with a rather small cooling of 0.04 K. However, the stratospheric ozone recovery cools the NH polar cap at 50 hPa by up to 1.05 K. Both the stratospheric ozone depletion and the stratospheric ozone recovery lead to a decrease of the eddy heat flux in the Arctic stratosphere by -0.06 K m s -1 and -1.50 K m s , which leads to an acceleration of Arctic westerly winds (Figure 3d ). Figure 6 further shows the changes in the occurrence frequency of Rossby wave breaking (RWB) events during the DJF caused by the stratospheric ozone changes. The frequency of RWB is defined as the number of days with negative meridional gradient in potential vorticity per month, as used by Hitchman and Huesmann [2007] . We can see that the RWB frequency in the SH polar stratosphere decreases in response to stratospheric ozone depletion (Figure 6a ) and increases in response to stratospheric ozone recovery Table 2 . In the NH DJF, the differences in the RWB frequency between OZONE2000 and REF1980 are small. The stratospheric ozone recovery causes a significant decrease in RWB frequency in NH polar stratosphere, consistent with the temperature and eddy heat flux decreases shown in Figure 3b and Table 2 . The above analysis further confirms that the changes of wave activities in the stratosphere induced by the stratospheric ozone depletion and recovery have significant impact on stratospheric temperatures.
Wave Flux Responses
As the dynamical cooling or warming mentioned above are closely related to wave activities in the stratosphere, a better understanding of the temperature and circulation responses to stratospheric ozone changes requires detailed information on wave propagation changes induced by the ozone changes. The quasigeostrophic version of Eliassen-Palm flux (EP flux) is employed to measure the strength and direction of wave propagation [Edmon et al., 1980 [Edmon et al., , 1981 , and a scaling procedure used by Butchart et al. [1982] is applied when plotting the EP fluxes. To understand the effects of ozone changes on the propagation of different types of waves, the EP fluxes and their convergences are further decomposed into two components: one for stationary waves and the other for transient waves. The EP fluxes for stationary and transient waves were estimated as follows: every boreal winter season (DJF) mean of wind and temperature is first calculated, then the departures from zonal-mean wind and temperature on every DJF are obtained, and the EP fluxes of stationary waves are estimated from these wind and temperature departures on pressure surfaces, while the EP fluxes of transient waves are evaluated as the residuals. This method has been used in the studies of Limpasuvan and Hartmann [2000] and Kodama et al. [2007] . Figure 7 shows the DJF mean differences in EP flux and EP flux divergence in the SH between runs OZONE2000 and REF1980, and between runs OZONE2020 and REF2000. The stratospheric ozone depletion tends to increase the total EP flux convergence in the southern extratropical stratosphere, which is , respectively. Stippled regions are for the differences significant at the 90% level.
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accompanied by significant increases of upward EP fluxes (Figure 7a ). Although the upward fluxes associated with stationary and transient waves are both increased, the increase of total upward wave flux in the SH is mainly resulted from the increases in upward transient wave flux, as is evident from Figures 7b and 7c . Stationary waves are closely related to asymmetries of the Earth's surface. In the SH, where the land-sea contrast is not dominant, stationary waves are relatively weak and transient waves contribute the majority of total eddy forcing [Limpasuvan and Hartmann, 2000] ; therefore, the wave-mean flow interaction in the stratosphere is dominated by transient waves. Figure 7 indicates that the stratospheric ozone depletion has a significant impact on the transient wave flux in the SH stratosphere; consequently, the stratospheric ozone depletion has an important dynamical effect on temperatures in the southern polar stratosphere. Also note that the stratospheric ozone depletion leads to more equatorward wave flux in the southern midlatitude upper stratosphere and more poleward wave flux in the southern lower latitude upper troposphere. The stratospheric ozone recovery has almost the opposite effects on wave fluxes (Figures 7d and 7f) ; i.e., in the southern high-latitude stratosphere, there are increased downward and poleward wave fluxes. In the southern troposphere, stationary wave and transient wave fluxes respond differently to the stratospheric ozone recovery; i.e., the stratospheric ozone recovery leads to increased equatorward stationary wave flux in the southern extratropical upper troposphere but increased poleward transient wave flux. In the southern high-latitude middle stratosphere, there exists increased downward and poleward stationary wave fluxes but increased downward and equatorward transient wave fluxes.
Changes in the EP fluxes and EP flux divergence in the NH during boreal winter are shown in Figure 8 . The EP flux convergence is increased in the lower troposphere at northern midlatitudes during the boreal winter when stratospheric ozone decreases, with increased upward wave flux from the midlatitude troposphere to upper stratosphere and increased polarward wave flux in the lower latitudes upper troposphere (Figure 8a ). The stratospheric ozone depletion also increases the EP flux convergence in the northern midlatitude and high-latitude upper stratosphere. In contrast to the SH, where ozone changes cause significant changes in transient wave flux, stationary waves are largely responsible for EP flux convergence changes in NH midlatitude stratosphere. When stratospheric ozone decreases, the EP flux convergence associated with stationary waves is enhanced in northern midlatitude upper stratosphere but suppressed 
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in northern lower and high-latitude upper stratosphere (Figure 8b) . However, the EP flux convergence associated with transient waves is suppressed in the northern midlatitude upper stratosphere but increased in lower and high-latitude upper stratosphere (Figure 8c ). Note also that there are increased poleward stationary wave fluxes but increased equatorward transient wave fluxes in the northern midlatitude upper stratosphere when stratospheric ozone decreases. The changes in EP flux convergence caused by the stratospheric ozone recovery are almost the opposite of those caused by the stratospheric ozone depletion. In response to stratospheric ozone recovery, the EP flux convergence is weakened in the stratosphere with increased downward and equatorward stationary wave flux in the high-latitude stratosphere and increased poleward transient wave flux in the high-latitude upper stratosphere as well as increased upward transient wave flux in the high-latitude lower and middle stratosphere. Figure 9 further shows the DJF mean differences in the EP flux divergence and upward EP flux averaged over 65-90°S and 65-90°N between runs OZONE2000 and REF1980, and between runs OZONE2020 and REF2000. In agreement with the results in Figures 7 and 8 , in the SH, the transient wave flux changes contribute the most to the total upward wave flux changes caused by ozone changes (Figure 9a ). In the NH, both stationary and transient wave fluxes have significant responses to stratospheric ozone changes, although the changes of the stationary wave flux are relatively larger than those of the transient wave flux (Figure 9c ). Randel and Held [1991] also found that transient wave flux dominates in all seasons except in NH winter, where stationary wave flux becomes important. At SH high-latitudes, the stratospheric ozone depletion (recovery) leads to an increase (decrease) in EP flux convergence above 50 hPa, but this feature is reversed below 50 hPa (Figure 9a ). At NH high-latitudes, the EP flux divergence changes caused by the stratospheric ozone depletion and recovery are relatively small in the LS below 30 hPa compared with those above 30 hPa, but they have the same sign throughout the stratosphere (Figure 9c ). The EP flux divergence changes in the SH high-latitude stratosphere are consistent with the temperature changes there; i.e., convergence increases correspond to temperature increases, and divergence increases correspond to temperature decreases. The increases of EP flux convergence can lead to increased downwelling of the BDC in the SH polar stratosphere; hence, temperature increases via adiabatic heating.
From Figures 9b and 9d we can see that ozone changes have different effects on the vertical component of EP flux in the NH and SH stratosphere. In the SH, the stratospheric ozone depletion corresponds to an 
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increase in upward wave flux and the stratospheric ozone recovery corresponds to a decrease in the upward wave flux. While in the NH, the stratospheric ozone depletion causes a small decrease in upward wave flux but the stratospheric ozone recovery causes a relatively large decrease in upward wave flux; this result is consistent with the temperature changes in the Arctic stratosphere shown in Figure 3 . Previous studies have found that the ozone changes and temperature changes in the polar middle and upper stratosphere overall undergo a negative dynamical feedback [Manzini et al., 2003; , while in the polar LS, there exists a positive dynamical feedback [e.g., Coy et al., 1997; Newman et al., 2001; Hu and Tung, 2003] . Our results here suggest that the positive feedback dominates in the SH LS while the negative feedback dominates throughout the NH stratosphere. However, the different responses of the upward wave flux in the polar stratosphere to the stratospheric ozone depletion and recovery cannot be fully explained by those negative and positive feedbacks. The subsequent analysis of RI and EP fluxes further confirms that the wave refraction and wave amplification in the stratosphere are not the only factors responsible for the EP flux changes shown in Figure 9 .
Effects on Wave Propagation
To understand why stationary and transient waves respond differently to the stratospheric ozone changes, the quasi-geostrophic RI is employed to interpret the effects of stratospheric ozone changes on wave propagation. It is defined as follows [Chen and Robinson, 1992] :
where
is the meridional gradient of the zonal-mean potential vorticity and c = σacos ϕ/k is the phase speed. Here u is the zonal wind, k is the zonal wavenumber, σ is the wave frequency, N 2 is the buoyancy frequency, H and f are the scale height (7 km) and the Coriolis parameter, respectively, a is the Earth's radius, Ω is the Earth's angular frequency, ρ 0 = ρ s exp(Àz/H) is the background density of the atmosphere, and ϕ is the latitude. The RI of stationary waves is treated when the wave frequency σ is zero (c = 0), and the RI of transient waves is treated with nonzero wave frequency. Theoretically, planetary waves propagate in regions of positive RI and they tend to be refracted toward regions with a larger positive RI [Andrews et al., 1987] .
The close relationship between EP fluxes and RI has been discussed in the previous studies [Palmer, 1981 [Palmer, , 1982 Karoly and Hoskins, 1982; Butchart et al., 1982] . They showed that the larger RI regions are associated with larger EP flux vectors and the trajectories of the EP flux vectors are refracted up the gradient of RI. The EP flux and RI can provide a useful way of visualizing the propagation pattern of planetary waves in the latitude-height plane, just as used. Figure 10 shows the DJF mean differences in the RI of the stationary and transient waves (phase speed 10 m s À1 ) for zonal wavenumber 1 in the SH, and the differences in EP flux vectors for stationary and transient waves between runs OZONE2000 and REF1980, and OZONE2020 and REF2000 are overplotted for reference.
We can see from Figure 10a that in response to the stratospheric ozone depletion, the stationary wave RI decreases in the center of the southern extratropical jet stream but increases in flanks of the jet, and a downward reflection of stationary waves tends to occur in the midlatitude upper troposphere and the EP flux vectors are directed downward. However, the increased upward stationary wave flux can still be noted in midlatitude and high-latitude stratosphere where the stationary wave RI decreases upward. This increase of upward wave flux is possibly due to the enhanced wave activity in the high-latitude troposphere. In the midlatitude upper stratosphere, the equatorward EP flux vectors are linked to the wave refraction as implied by the equatorward increase of RI. For westward-and eastward-traveling transient waves of wavenumber 1 with a phase speed of 10 m s À1 , the RI differences between runs OZONE2000 and REF1980 (Figures 10b and   10c ) suggest different wave refraction in the upper stratosphere; i.e., more eastward-traveling transient waves should be refracted equatorward, while more westward-traveling transient waves should be refracted poleward. Therefore, the refraction of eastward-traveling transient waves may be the main reason for the increased equatorward transient wave flux in midlatitude upper stratosphere.
In response to the stratospheric ozone recovery, the stationary wave RI increases in the polar UTLS between 300 and 30 hPa and decreases in the polar upper stratosphere above 30 hPa and in the midlatitude middle
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stratosphere (Figure 10d ), implying that more stationary waves tend to be reflected to downward and poleward from the upper stratosphere, in accordance with the directions of EP flux vector differences. The changes of RI for westward-and eastward-traveling transient waves are also different. The RI for eastwardtraveling transient waves is obviously increased in the high-latitude stratosphere; accordingly, differences in EP flux vectors show increased poleward transient wave fluxes in the southern midlatitude upper stratosphere. However, an obvious decrease of upward transient wave flux in the high-latitude stratosphere can be noted. This decrease of upward transient wave flux looks to be more related to westward-traveling transient waves than eastward-traveling waves as RI of westward-traveling waves decreases downward and equatorward (Figure 10f ). In the lower latitude upper troposphere, where the RI for eastward-traveling waves increases poleward (Figure 10e ), therefore, eastward-traveling waves in the lower latitude upper troposphere are more likely to be directed poleward. On the other hand, the subsequent analysis of zonal wind shear and vertical gradients of buoyancy frequency suggests that planetary waves are less likely to propagate into the stratosphere due to the decreases of zonal wind shear and vertical gradients of buoyancy frequency in response to stratospheric ozone recovery. This is another reason for the decreased upward wave flux in the southern high-latitude stratosphere. Figure 11 gives the RI differences of stationary waves and transient waves (phase speed 10 m s
À1
) for zonal wavenumber 1 in the NH DJF between runs OZONE2000 and REF1980, and runs OZONE2020 and REF2000 as well as the corresponding differences in EP flux vectors. In response to the stratospheric ozone depletion, the increases of poleward stationary wave fluxes look to be partly related to the increases of stationary wave RI in the Arctic stratosphere (Figure 11a ) and the decreases of RI in the northern midlatitude middle stratosphere; i.e., more stationary waves in the midlatitude stratosphere tend to be refracted poleward. A careful comparison of the differences in RI of stationary waves and transient waves between run OZONE2000 and run Figure 10 . DJF mean differences of the refractive index (filled contours) for zonal wavenumber 1 (a and d) stationary waves, (b and e) eastward-traveling waves, and (c and f) westward-traveling waves with a phase speed 10 m s À1 in the SH between runs (a-c) OZONE2000 and REF1980, and (d-f) OZONE2020 and REF2000.
The arrows represent the differences in EP flux vectors of (a and d) stationary waves and (b, c, e, and f) transient waves between runs (a-c) OZONE2000 and REF1980, and (d-f) OZONE2020 and REF2000 in the SH DJF. The black and white lines represent the 52 year DJF mean zonal winds in (a-c) REF1980 and (d-f) REF2000, and (a-c) OZONE1980 and (d-f) OZONE2000, respectively. The contour interval of zonal winds is 10 m s
.
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REF1980 reveals that the spatial distribution of the RI differences for transient waves is overall similar to that for stationary waves. This implies that wave refraction cannot fully explain the increase in upward transient wave flux in the midlatitude upper stratosphere and the increase in poleward stationary wave flux in the northern upper stratosphere in the condition of stratospheric ozone decreases. However, the increased downward stationary wave flux in the northern high-latitude middle stratosphere may be partly due to wave reflection which is linked to the increased stationary wave RI in the upper troposphere. For the westwardtraveling transient waves, the increased equatorward wave flux in the midlatitude stratosphere may be related to wave refraction from the high-latitude stratosphere to midlatitude stratosphere since the RI increases equatorward. The transient wave RI differences for eastward-traveling waves decrease upward and equatorward in the midlatitude and high-latitude stratosphere; hence, the increases of equatorward and upward wave fluxes in the upper stratosphere cannot be explained by the wave refraction. This feature is possibly linked to the leakage from the stratospheric waveguide to the tropical critical surface [Harnik, 2002] . It is also possible that there is an increase in generation or a local increase in wave amplification of eastward-traveling transient waves in the lower latitude troposphere in response to stratospheric ozone depletion.
The RI changes caused by the stratospheric ozone recovery indicate that the wave refraction from the midlatitude upper stratosphere to the lower latitude upper stratosphere is likely to exist in stationary waves, while the wave refraction from the lower latitude upper stratosphere to the midlatitude upper stratosphere is likely to exist in transient waves. It is interesting that there is an increase of downward stationary wave flux but an increase of upward transient wave flux in the high-latitude LS, and this feature cannot be explained by wave refraction in the stratosphere only. Hu and Tung [2002] pointed out that the maxima of RI near the polar region are caused by the weak zonal-mean zonal winds. Matsuno [1970] showed that small latitudinal gradient of potential vorticity of the basic state tends to act as a barrier for wave propagation. The ozone recovery causes the increase in the meridional gradient of the zonal-mean potential vorticity in the Arctic middle stratosphere (not shown) but the enhanced westerlies (Figure 3d) , and the combined effect is a slight increase of RI in the Arctic stratosphere. (Figure 11e ). On the other hand, the increased upward transient wave flux in high-latitude middle stratosphere is also due to the favorable condition for westward-traveling transient waves to propagate from the high-latitude troposphere to the LS, as is implied by the upward increases of RI of westward-traveling transient waves (Figure 11f ). It should be pointed out that choosing different zonal wavenumbers from 1 to 3 and different wave periods from 10 to 30 days gives the overall similar results.
The wave propagation in the atmosphere is sensitive to the vertical structure of the zonal wind and buoyancy frequency as well as the meridional gradient of the zonal-mean potential vorticity, as is indicated by Formula (2). To further understand the effect of stratospheric ozone changes on the wave propagation, Figure 12 shows the DJF mean meridional temperature gradient differences over the latitude bands 45-75°S and 45-75°N, and the zonal wind shear and buoyancy frequency (N 2 ) differences averaged over the latitude bands 60-90°S and 60-90°N between runs OZONE2000 and REF1980, and between runs OZONE2020 and REF2000. In the SH, the stratospheric ozone depletion results in larger meridional temperature gradients in the midlatitude UTLS, while the stratospheric ozone recovery gives rise to smaller meridional temperature gradients (Figure 12a ). Changes in the meridional temperature gradients in the midlatitude UTLS region will alter the structure of the zonal wind through the thermal wind relationship. Figures 12b and 12c indicate that stratospheric ozone decreases result in larger zonal wind shear and a larger vertical gradient of buoyancy frequency, while stratospheric ozone increases have the opposite effects on the meridional temperature gradient and zonal wind vertical shear. To distinguish the relative importance of the terms of the RI, Hu and Tung [2002] calculated the index of refraction for stationary wavenumber 1 and found that the large positive vertical shear of zonal wind tends to enhance the wave propagation; this influence of positive vertical shear of zonal wind on wave propagation was also reported in Li et al. [2007] . Meanwhile, the large vertical gradient of buoyancy frequency favors the vertical propagation of waves [e.g., Chen and Robinson, 1992; Li et al., 2007; Hu et al., 2014] . Therefore, in the SH, planetary waves are more likely to propagate into the stratosphere when stratospheric ozone decreases, consistent with increased upward wave flux in Figure 10 . The stratospheric ozone recovery causes the opposite effect; i.e., planetary waves are less likely to propagate into the stratosphere, accompanied by the decreased upward wave fluxes in Figure 10 in the southern highlatitude stratosphere.
In the NH, the stratospheric ozone recovery and depletion cause smaller meridional temperature gradient changes than that in the SH. Meanwhile, the changes of zonal wind shear and buoyancy frequency that resulted from the stratospheric ozone recovery and depletion are small, and most of these changes are statistically insignificant. However, Figure 3 shows that stratospheric ozone recovery also cause a cooling in the Arctic stratosphere, suggesting reduced wave fluxes the Arctic stratosphere. Figure 8d also indicates that the stratospheric ozone recovery causes a significant decrease in the upward wave flux. The results here suggest that the wave propagation changes in the NH associated with stratospheric ozone changes may be not caused by the corresponding small changes of zonal wind shear and vertical gradient of buoyancy frequency. The wave propagation changes in NH stratosphere appear to be sensitive to wave activity changes in the troposphere, as is also suggested by the RI analysis above.
Conclusions and Discussion
Using a state-of-the-art general circulation model with a series of time-slice simulations, we examined the response of wave propagation to stratospheric ozone depletion and recovery in the boreal winter stratosphere. Our results demonstrate that the stratospheric ozone depletion from 1980 to 2000 and the expected partial recovery from 2000 to 2020 have important dynamical impacts on the polar stratospheric temperature and circulation.
In the NH, the stratospheric ozone depletion has a weak impact on the northern polar vortex, but the stratospheric ozone recovery causes a statistically significant cooling and strengthening of the Arctic polar vortex. That is to say, the effect of the stratospheric ozone recovery on the Arctic stratosphere is not wholly opposite to that of the stratospheric ozone depletion.
The temperature response in the Arctic stratosphere to stratospheric ozone changes largely depends on the dynamical cooling or warming. The analysis of the RI and EP flux in the NH indicates that the upward stationary wave flux decreases, while the upward transient wave flux increases in the Arctic upper stratosphere when the stratospheric ozone decreases. The combined effects of stationary and transient wave flux changes in response to the stratospheric ozone depletion cause a rather weak cooling of the Arctic stratosphere. The stratospheric ozone recovery causes the decreased upward stationary wave flux in the Arctic stratosphere but increased upward transient wave flux in the Arctic lower and middle stratosphere, and the combined effect of stationary and transient wave flux changes causes a statistically significant cooling of the Arctic stratosphere.
Overall, in the NH, our results showed that the ozone recovery decreases the temperature in the middle to upper stratosphere between 60°N and 75°N, which leads to a stronger polar vortex via the thermal wind relationship, resulting in a decrease in EP flux convergence between 60°N and 75°N in the middle and upper stratosphere and a decrease in the extratropical NH downwelling. These results suggest a negative dynamical feedback between ozone changes and wave forcing, which was also reported by Manzini . It should be pointed out that the negative dynamical feedback proposed by Manzini et al. [2003] is related to the differential filtering effect of the polar vortex strength on gravity waves which propagate more efficiently in the presence of the strong winds, while the negative dynamical feedback proposed by is related to the amplification of planetary waves in the LS. However, this negative dynamical feedback cannot fully explain the different responses of the Arctic stratosphere to the ozone depletion and the ozone recovery. The analysis of RI and EP fluxes for stationary and transient waves also reveals that the wave refraction in the stratosphere is not the only factor responsible for the opposite changes of the stationary and transient wave flux in the NH in response to the stratospheric ozone changes. Besides the changes in wave forcing due to the effects of ozone changes described by Manzini et al. [2003] and , our analysis suggests another possible mechanism which is related to the changes in planetary wave activities in the northern troposphere. The ozone recovery tends to increase the equatorward stationary wave flux at midlatitude upper troposphere and polarward transient wave flux at lower latitude upper troposphere, and this may cause different changes in stationary and transient wave activity in the midlatitude troposphere. Why the stationary and transient waves in the troposphere respond differently to stratospheric ozone changes is still unclear at this stage but worth further investigation.
In the southern LS, the stratospheric ozone depletion leads to a cooling and a strengthening of the Antarctic stratosphere, while stratospheric ozone recovery has the opposite effects. It is apparent that the positive dynamic feedback proposed by previous studies [e.g., Coy et al., 1997; Newman et al., 2001; Hu and Tung, 2003] dominates in the southern polar LS. In the southern polar middle and upper stratosphere, the stratospheric ozone depletion leads to a warming while the stratospheric ozone recovery leads to a cooling, suggesting that there also exists a negative dynamical feedback. The analysis of zonal wind shear and vertical gradients of buoyancy frequency reveals that the stratospheric ozone depletion results in a larger meridional temperature gradient together with a larger zonal wind shear, and larger vertical gradients of buoyancy frequency in the southern LS. Hence, planetary waves are more likely to propagate into the upper stratosphere and cause a dynamical warming of Antarctic upper stratosphere. The stratospheric ozone recovery reduces the meridional temperature gradient, zonal wind shear, and vertical gradient of buoyancy frequency in the southern LS compared with that of the stratospheric ozone depletion. Our analysis also reveals that the changes of total upward wave flux in the SH in response to ozone changes mainly resulted from the changes in upward transient wave fluxes.
The stratospheric ozone depletion leads to a stronger BDC, with an increase in tropical upward mass flux, a significant increase in downward mass flux in the SH extratropical stratosphere. This is consistent with the previous results [Xie et al., 2008; Li et al., 2008; . The stratospheric ozone recovery results in a weaker BDC with a decrease in tropical upward mass flux in the stratosphere and a significant decrease in downward mass flux in the NH extratropical stratosphere, which is possibly because stratospheric ozone changes cause opposite changes of stationary wave flux and transient waves flux which offset each other. This offset effect of stationary wave flux and transient wave flux may partly explain the fact that the age of air in the NH become old in recent years as reported by Mahieu et al. [2014] .
It should be pointed out that the results presented in this study are obtained with interactive chemistry being switched off. However, some previous studies have found that the interactive chemistry, particularly in the stratosphere, has important impacts on the stratospheric circulation. For instance, Waugh et al. [2009] found that under the condition of a large Antarctic ozone hole, their simulations with prescribed zonal-mean ozone have a warmer, weaker Antarctic vortex in spring-early summer than the corresponding simulations with interactive chemistry. Furthermore, Gillett et al. [2009] provide some evidence that model simulations with prescribed monthly mean zonal-mean ozone fields might underestimate the tropospheric response to polar ozone changes. Nevertheless, the results of Polvani et al. [2011] showed that the SH circulation responses to stratospheric ozone depletion in the general circulation model without coupled chemistry are in good agreement with those of CMIP3 and CCMVal2 simulations with coupled chemical processes. In this paper, we focused on the radiative-dynamical effects of stratospheric ozone changes on wave propagation in the stratosphere. Although there is no interactive chemistry in our model simulations, we take an advantage of noninteractive chemistry to perform long-time integrations to reduce model sample errors so that we can elucidate ozone-induced radiative and dynamical feedbacks in influencing planetary wave propagation in the stratosphere.
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